Machinable ceramics that can be cut and even lathed have recently been developed in industry. As a first step in evaluating the feasibility of such ceramics in dentistry, eight machinable ceramics were examined for color using the Vita shade guide and a chroma-meter reflectance instrument. We discovered that the studied machinable ceramics varied significantly from the Vita shade guide by the color difference vector, delta E. These machinable ceramics appeared very white and strongly opaque due to their high brightness (L*) values. For intra-oral applications, we expect that L* values of machinable ceramics will be reduced by modification of their microstructures, including their matrix and dispersed phases, while their excellent machinability due to the cleavage of dispersed crystals should be retained.
INTRODUCTION
Ceramic machining began to attract the attention of the dental profession when Duret et al. 1) reported that through utilizing special ceramic materials and computer-aided design and manufacturing (CAD-CAM) it had become clinically applicable. It has thus become necessary to find and prepare new restorative dental ceramic materials that could primarily be formed by machining.
In 1972, the first machinable mica glass-ceramic was patented2). It contained a highly interlocked array of two dimensional mica crystals dispersed in a brittle glass matrix. During cutting, the cleavage of mica crystals is responsible for its excellent machinability, as it localizes the glass fracture on a microscopic scale and allows powdered chips to form easily. This mica glass-ceramic can, therefore, be machined even using standard equipment and steel working tools3). Other machinable mica glass-ceramics4,5) also make use of this cleavage mechanism for easy cutting. So did aluminum nitride (AlN) ceramic containing layered nitride6) and silicon nitride (Si3N4) ceramic containing boron nitride (BN)7). Another important factor in good machinability of ceramics is provided by the pre-existing cracks in the glass matrix which later prevent the growth of cracks associated with machining and contribute to the formation of powdered chips during machining. The machinability of beta-wollastonite (CaO• SiO2) based glass-ceramics8) derives from pre-existing cracks.
The machinable ceramics mentioned are all candidates for future dental restorative materials but prior to their actual use, considerable investigation reflecting particular dental needs must be carried out. One important pre-requisite is that the color match that of natural teeth. Indeed, the color properties of machinable ceramics have not yet been well clarified.
Since dental feldspatic porcelain has been successfully used for many years for metal facings due to its good color properties and is well compatible with those of human teeth9), the porcelain shade guide could be employed as a standard for the color testing of restorative dental materials10,11).
The purpose of this study is, therefore, to examine the colors of industrial machinable ceramics currently available by using a chroma-meter reflectance instrument and to compare them with those of the dental coronal colors represented by the Vita shade guide. The colors of several other dental and industrial ceramics are also investigated as controls.
MATERIALS AND METHODS
The specimens chosen for study are indicated in Table 1 . The small circular discs of Table  1 Specimens investigated about 1.6mm thickness and 10.4mm diameter of the Vita shade guide, categorized into opaque, body and enamel shades, were used as the standard for our color analysis. Although each shade is further classified into smaller sub-groups having three digit numbers, our data for all color readings using the Vita shade guide are summarized into each of three large categories. At present, eight machinable ceramics have been developed and commercialized6). They were kindly supplied by their manufacturers at a thickness of more than 2.5mm. The main material removal systems used during machining of these ceramics appear in Table 2 . This information came from the literatures2-8) and the manufacturers. In the color studies, two dental and four industrial ceramics of more than 2.5mm thickness were also involved. A dental apatite and diopside based glass-ceramic has been developed for typodont teeth.
A feldspatic body porcelain for a different manufacturer was prepared using regular dental laboratory firing procedures and soda lime glass was utilized for the transparent window glass. Industrial fine ceramics examined included boron nitride (BN), silicon carbide (SiC) and zirconia (ZrO2). The surface of all specimen underwent an optical finish.
The color measurement of the specimens was done with a chroma-meter reflectance instrument* equipped with a standard illuminant (xenon lamp) D 65 (color temperature, 6504 K)12). The diameter of the measuring spot was 3.0mm and the basic process was as follows: First, the incident light hit the specimen at a 45 degree angle and the light reflected perpendicularly to the specimen (i. e., 0 degree) was detected by three sensors having a spectrum sensitivity almost identical to the human eye. Tristimulus values of X, Y and Z were thus directly obtained and automatically calculated into color readings expressed as CIE-L*a*b* coordinates13), where L* is brightness, a* the red/green coordinate and b* the yellow/blue coordinate.
We consider the CIE-L*a*b* coordinate system to be the best visual conception14) and illustrate it in Fig. 113 ). The color measurement was first calibrated by using a white MgO standard with the known (L*0a*0b*0) value of (89.45,-0.28, 0.79). The color Table  2 Material removal systems during machining of machinable ceramics studied * CR-121, Minolta Camera, Osaka, Japan Fig. 1 Illustration of the CIE-L*a*b* coordinate. Table  3 Definition of color difference vector, delta E difference vector or color difference, delta E, is defined in Table 3 . The delta E of a specimen represents the distance from the color reading of the white standard (L*0a*0b*0) to that of the specimen (L*a*b*) in terms of the CIE-L*a*b* coordinate system. RESULTS 
AND DISCUSSION
Results of the color readings are tabulated in Table 4 white and opaque so as to mask the color of underlying metal. Figure 6 indicates the relationship between the L* and delta E values of all specimens. As can be seen, a strong correlation (r=-0.975) existed between the two color parameters and, thus, we speculate that the first step in making machinable ceramics feasible for restorative dentistry should be to reduce their L* values. The values of the a* and b* coordinates (hue and chroma) of the machinable ceramics did not differ considerably from those of the Vita shade guide, with the a* (red-green) values of the former, in particular, being fully within the range of the latter. The b* (yellow-blue) values of the ceramics, however, were slightly skewed from those of the Vita shade guide and favored blue. Interestingly, the Vita shade guide opaque and body categories showed a wide range of a* and b* values and larger standard deviations than those of the machinable ceramics. This might be attributable to the fact that while dental restoration requires a broad range of a* and b* values in order to simulate the wide variations of dental coronal colors, industrial machinable ceramics tend to be uniformly colored as the result of quality control in the manufacturing process. It therefore seems necessary to recommend that some range of a* and b* values be produced in the future for dental machinable ceramics.
Two dental ceramics studied had color properties fairly comparable to those of the Vita shade guide and considerably different from those of the other machinable ceramics. Of the four control industrial ceramics studied, only boron nitride had color properties similar to those of the machinable ceramics, the other three exhibiting different color properties. It could thus be said that white color and strong opacity is characteristic of the machinable ceramics presently available.
Duret et al. 1) pointed out that in the construction of esthetic dental ceramic prostheses, coloration (firing the low fusing porcelain) might follow the machining of the ceramic 
material.
If this idea is widely accepted as practical, machined ceramic will more likely be used for the core and transparent porcelain of varying shades will later be fired on it.
It should be cautioned that the color analysis conducted here was merely a first approach.
In particular, the color study depended upon the reflection of one light source and variables such as the specimen thickness, background color and different color sources15, 16) were not thoroughly checked. Moreover, scattering, absorbing and diffusing properties17) were not examined. Thus, more systematic studies must be carried out for the detailed evaluation of the color qualities of machinable ceramics.
The alteration of the color properties of machinable ceramics would seem to require modifications of their microstructures. But because most machinable ceramics consist of dual phases, e. g. glass matrix and dispersed crystals2), care must be taken with respect to the color properties of each phase as well as the interactive color phenomena between phases.
What is more, their excellent machinability due to cleavage of crystals dispersed in glass matrix must be preserved.
CONCLUSION
The colors of eight industrial machinable ceramics were examined and compared with those of the Vita shade guide. We discovered these ceramics to be too white due to large brightness values, thus hindering their immediate clinical application. We therefore look forward to the development of new ceramic materials which are strong and machinable and have color qualities compatible with natural teeth.
